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INTRODUCTION 

For many years  t h e r e  has  been cons iderable  d i s c u s s i o n  a s  t o  whether t h e  
energy per  u n i t  volume r e q u i r e d  f o r  s i z e  reduct ion  of  b r i t t l e  materials i s  (a)  pro-  
por t iona l  t o  the  f r e s h  a r e a  produced ( R i t t i n g e r ' s  Law) or (b) propor t iona l  t o  the  
reduct ion i n  volume of t he  p a r t i c l e s  (Kick ' s  Law). Bickle  (1) has  given a n  e x c e l l e n t  
review of t h e  a v a i l a b l e  l i t e r a t u r e .  For f i n e  gr inding ,  R i t t i n g e r ' s  Law appears  t o  be 
t h e  law of most genera l  a p p l i c a t i o n .  Recent workers ( 2 , 3 )  c o n s i d e r  such laws t o  be 
of l i m i t e d  u t i l i t y  i n  problems of m i l l  des ign  and o p e r a t i o n .  However, the r e l a t i o n  
of gr inding  energy to  f r e s h  sur face  a r e a  produced i s  of i n t e r e s t  chemical ly  as i t  
o f f e r s  a method of i n v e s t i g a t i n g  s u r f a c e  e n e r g i e s  of m a t e r i a l s  ( 4 ) .  

REVIEW OF PREVIOUS WORK 

Although R i t t i n g e r ' s  Law has been widely i n v e s t i g a t e d  f o r  quar tz ,  
magnet i te ,  and a v a r i e t y  of o r e s ,  t h e r e  have not  been many i n v e s t i g a t i o n s  of t h e  
law f o r  c o a l .  The primary reason f o r  t h i s  i s  t h a t  c o a l  c o n t a i n s  an  i n t e r n a l  s u r f a c e  
a r e a  (wi th in  micropores)  t h a t  i s  l a r g e  compared t o  the  e x t e r n a l  a r e a  even f o r  f i n e l y  
ground p a r t i c l e s  ( 5 ) .  Since most methods of a r e a  measurement measure, e i t h e r  
completely o r  p a r t i a l l y , .  t h i s  i n t e r n a l  a r e a ,  t he  i n c r e a s e  i n  a r e a  upon g r i n d i n g  i s  
obtained a s  the  small  d i f f e r e n c e  between two l a r g e  q u a n t i t i e s .  Consequently, t h e  
r - s u i t s  a r e  i n s u f f i c i e n t l y  accura te  t o  be of much use.  

Hardgrove (6) c a l c u l a t e d  propor t iona l  a r e a s  of ground coa l  from t h e  s i e v e  
a n e l y s i s .  He assumed t h a t  shape f a c t o r s  and coa l  d e n s i t y  remained c o n s t a n t  through- 
ou t  the s i z e  range and t h a t  shape f a c t o r s  were the  same f o r  d i f f e r e n t  c o a l s .  The 
i n t e g r a t i o n  of t he  s i z e  d i s t r i b u t i o n  t o  a propor t iona l  a r e a  was c a r r i e d  o u t  assuming 
t . h t  the minus 325 mesh s i z e  had a mean s i e v e  s i z e  of 25 microns.  Using these  a r e a s ,  
he forind t h e  f r e s h  s u r f a c e  produced t o  be propor t iona l  t o  the  number of r e v o l u t i o n s  
of the m i l l  over  a r e s t r i c t e d  range of revolu t ions .  When l a r g e  amounts of breakage 
had occurred,  the i n c r e a s e  i n  sur face  a r e a  on f u r t h e r  g r i n d i n g  was less  than t h a t  
pred ic ted  by the  increased  number of r e v o l u t i o n s ;  and R i t t i n g e r ' s  Law d i d  not  hold.  
lisrdgrove a t t r i b u t e d  t h i s  behavior  t o  b lanket ing  of t h e  g r i n d i n g  by the  f i n e s  
produced. He def ined  the  g r i n d a b i l i t y  of a c o a l  i n  terms of t h e  i n c r e a s e  i n  
sur face  a r e a  produced compared t o  t h a t  of t h e  i n c r e a s e  produced on gr inding  a 
s tandard c o a l  t h e  same number of  revolu t ions ,  60 r e v o l u t i o n s  be ing  chosen a s  a 
s tandard c o n d i t i o n .  Hardgrove l a t e r  found t h a t  t h e r e  was an empir ica l  r e l a c i o n  
between the  g r i n d a b i l i t y  d e f i n e d  i n  t h i s  manner, and the p e r  c e n t  by weight of c o a l ,  
p ,  passing a 200 m e s h  s i e v e ,  t he  r e l a t i o n  be ing  

Hardgrove Index = 1 3  + 3.465 p. (1) 
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Romer (7)  at tempted t o  overcome some of  t h e  obvious o b j e c t i o n s  t o  H a r d -  
gxove's work by measuring t h e  s u r f a c e  a r e a s  of ground c o a l s  us ing  an a i r  permeabi l i ty  
method. This method gave t h e  hydrodynamic or -geometr ic  a r e a  of the  p a r t i c l e s .  
Romer found that the g r i n d a b i l i t y  i n d i c e s  c a l c u l a t e d  us ing  t h e  d i r e c t  a r e a  measure- 
ments were cons iderably  d i f f e r e n t  from the  Hardgrove i n d i c e s ,  the  s u r f a c e  a r e a s  
being much h igher  than p r e d i c t e d  f o r  t h e  products  of c o a l s  of  high Hardgrove 
i n d i c e s .  He then showed t h a t  R i t t i n g e r ' s  Law a p p l i e d  when t h e  load  on t h e  m i l l  o r  
t h e  number of revolu t ions  o f  t h e  m i l l  were var ied .  Thus, any n o n - a p p l i c a b i l i t y  of  
R i t t i n g e r ' s  Law i n  Hardgrove's o r i g i n a l  work was a s c r i b e d  t o  i n a c c u r a t e  s u r f a c e  a r e a  
measurements. Object ions s t i l l  remain t o  t h e  s u r f a c e  a r e a s  obta ined  by Romer. The 
permeabi l i ty  method of a r e a  measurement i s  known to  be i n a c c u r a t e  f o r  a sample of 
mixed s i z e s  i n  which the l a r g e s t  t o  f i n e s t  s i z e  r a t i o  is g r e a t e r  than  3 (8). Romer 
a c t u a l l y  measured samples which c o n s i s t e d  of c o a l  of s i z e  range from one to  44 
microns.  Also, a c e r t a i n  amount of v e r y  f i n e  m a t e r i a l  i s  l o s t  dur ing  t h e  g r i n d i n g  
and s i e v i n g  o p e r a t i o n s ,  and t h i s  s u r f a c e  a r e a  i s  not  included i n  t h e  measured 
a r e a .  . 

Bennet and Brown (2)  argue  t h a t  proofs  of R i t t i n g e r ' s  L a w  f o r  c o a l  a r e  
of l i t t l e  s i g n i f i c a n c e  because t h e  f r e s h  s u r f a c e  a r e a  produced cannot  be measured 
unequivocal 1 y . 

EXPERIMeNTAL PROCEDURES 

C h a r a c t e r i s t i c s  of  Coals used i n  T e s t s  - Four c o a l s  were used, ranging from an 
a n t h r a c i t e  of 4.5% v o l a t i l e  matter t o  a low rank bituminous c o a l  o f  42.5% v o l a t i I e  
m a t t e r  and 6.2% oxygen content .  The a n a l y s e s  were performed on t h e  16 x 30 mesh 
coal* which was t h e  s t a r t i n g  material f o r  a l l  t e s t s .  The proximate and u l t i m a t e  
a n a l y s e s  were c a r r i e d  o u t  accord ing  t o  A.S.T.M. s tandard  procedures .  

P r e p a r a t i o n  o f  Coal Samples - Since  t h e  i n t e r e s t  w a s  i n  the  p r o p e r t i e s  of the  c o a l  
a c t u a l l y  used and n o t  i n  those  o f  t h e  bulk sample suppl ied ,  no s t u d i e s  were made o n  
d i f f e r e n c e s  i n  c h a r a c t e r  between the  bulk  sample and the  f i n a l  sample. The sample 
f o r  use  was prepared from minus 1 / 2 - i n .  m a t e r i a l  by pass ing  i t  through a jaw- 
c r u s h e r  fol lowed by a d i s c  m i l l  and s i e v i n g  out  the 16 x 30 mesh f r a c t i o n  on a 
Rotap s i e v i n g  machine. The 16 x 30 mesh f r a c t i o n  was removed a f t e r  each pass  
through t h e  jaw c r u s h e r  o r  d i s c  m i l l .  
t o  be almost  f r e e  from adher ing  f i n e s  or agglomerates .  
spread  on t r a y s  i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  ( t o  t 0.5-C ) l a b o r a t o r y  and 
al lowed t o  reach e q u i l i b r i u m  w i t h  t h e  atmosphere. Grinding and weighing were 
performed i n  t h i s  l a b o r a t o r y .  

Grinding of  Coal - The c o a l s  were ground i n  a s tandard  Hardgrove t e s t  machine 
accord ing  t o  t h e  A.S.T.M. s tandard  method (9), both t o  measure t h e  g r i n d a b i l i t y  and 
t o  provide s u f f i c i e n t  f r a c t i o n s  of material f o r  sur face  a r e a  measurement. Two o f  
the c o a l s  were a l s o  ground f o r  v a r y i n g  r e v o l u t i o n s  of  t h e  machine, ranging  from 3 
revolu t ions ,  t o  140  r e v o l u t i o n s .  In e v e r y  t e s t ,  50 g. of c o a l  were charged to t h e  
machine and t h e  product  s ieved,  as d e s c r i b e d  below. 

Microscopic examinat ion showed t h e  sample 
Before use,  t h e  c o a l s  were 

S iev ing  of  the  Ground Coal - It was cons idered  e s s e n t i a l  t h a t  good Derfo-ce o f  
s i e v i n g  he obta ined;  t h e r e f o r e ,  a s t a n d a r d  procedure 
each c a s e .  The m a t e r i a l  from t h e  ' m i l l  was c a r e f u l l y  
s i e v e  o f  a series of 6 sieves (16 mesh to  120 mesh). 

- .  
w a s  c a r e f u l l y  fol lowed i n  
brushed o u t  i n t o  t h e  top 
The s i e v e s  were shaken in 

I 

.l 

* A l l  sieve numbers r e f e r  t o  U.S. s t a n d a r d  mesh. 

4 
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a Rotap s i e v i n g  machine f o r  10 minutes, t h e  material through 1 2 0  mesh removed, t h e  
s i e v e  cleaned i f  necessary,  and the  s i e v e s  reshaken f o r  f i v e  minutes .  
repea ted  f o r  f i v e  minute  i n t e r v a l s  u n t i l  t h e  amount of  minus 120  mesh m a t e r i a l  
coming through w a s  small. (A t o t a l  s i e v i n g  time of  25 minutes  w a s  always s u f f i c i e n t ) .  
The same procedure w a s  then followed using t h e  minus 120 mesh material i n  a n o t h e r  
s e r i e s  of  6 s i e v e s  (120 t o  325 mesh). The s i e v e s  requi red  c l e a n i n g  m o r e  f r e q u e n t l y  
and a maximum s i e v i n g  time of 35 minutes w a s  sometimes r e q u i r e d .  Cleaning w a s  
c a r r i e d  o u t  by s e p a r a t i n g  the  s i e v e s  a s m a l l  amount, i n s e r t i n g  a brush and brushing  
the  underside o f  t he  top screen.  The c o l l e c t e d  s i e v e  f r a c t i o n s - w e r e  weighed to t h e  
n e a r e s t  0.01 g. 

This was 

It w a s  found t h a t  t h i s  series of m u l t i p l e  s i e v i n g s  gave weight l o s s e s  
o u t s i d e  of t he  t o l e r a n c e  given i n  t h e  A.S.T.M. standard.  Therefore ,  f o r  s tandard  
Hardgrove Index de termina t ions ,  the ground c o a l  w a s  s ieved  through a 200 mesh 
s i e v e  o n l y  and t h e  m u l t i p l e  s i e v i n g  performed a f t e r  t h e  i n i t i a l  weighings. When 
t h i s  was done, 
t o l e r a n c e ;  and i f  t h e  weight  l o s s  i n  t h e  m u l t i p l e  s i e v i n g  was assumed to b e  o f  
m a t e r i a l  below 200 mesh, t h e  Hardgrove Index was t h e  same as t h a t  f o r  t h e . s i n g l e  
s i ev ing ,  wi th in  the  - t o l e r a n c e  a l lowable  (C 2%). 

t h e  weight l o s s  i n  the s i n g l e  s i e v i n g  o p e r a t i o n  was w i t h i n  

When t h e  c o a l  w a s  ground f o r  a few r e v o l u t i o n s  o n l y  and t h e  amount of 
f i n e  m a t e r i a l  formed w a s  small, t he  minus 120 mesh material  w a s  s ieved  through 
ta red  3 inch  d iameter  s i e v e s .  The c o a l  sample p lus  s i e v e  was then weighed d i r e c t l y  
t o  t h e  n e a r e s t  5 mi l l ig rams 

Surface-Area Shape Fac tors  and Apparent Densi ty  of Coal F r a c t i o n s  - The shape 
f a c t o r s  and d e n s i t i e s  of  ground coa l  f r a c t i o n s  were determined a s  descr ibed  i n  a n  
earlier paper (10 ) .  

S ize  D i s t r i b u t i o r s o f  Sub-Sieve F r a c t i o n s  o f  Ground Coal - To extend  the  cumulat ive 
weight versus  s i e v e  s i z e  to  sub-sieve s i z e  p a r t i c l e s ,  0.5 .g. of t h e  minus 325 mesh 
f r x t i J n  was sedimented into a f i n e  and a c o a r s e  f r a c t i o n  and microscope s i z i n g  
c a r r i e d  o u t  on  each  f r a c t i o n .  The "sinks" obta ined  a f t e r  r e p e a t e d  sedimentat ion 
w i r h  d 1!2 hour s e t t l i n g  per iod  were found t o  be f r e e  from any a p p r e c i a b l e  q u a n t i t y  
.:E f i n e  material. The " f l o a t s "  were f i l t e r e d ,  d r i e d  and weighed. S l i d e s  of each 
f r a c t i c n  were prepared and microscopic  counts  were performed on each  f r a c t i o n ,  as  
descr ibed  i n  an e a r l i e r  paper (11). The magni f ica t ions  used were x 100 on t h e  
" s inks"  and x 600 on the " f loa ts" .  The s ink  n a t e r i a l  had microscope d iameters  
m?in!y f rom 10 t o  80 microns i n  s i z e ,  and the f l o a t  material  ranged i n  s i ze  from 
l e s s  t h i n  0.8 microns t o  about 2 0  microns. A cumulat ive.weight  a g a i n s t  s i z e  
d i s t r i h u t i o n  was c a l c u l a t e d  ( see  theory)  f o r  each f r a c t i o n ;  and s i n c e  t h e  r e s p e c t i v e  
weight of each f r a c t i o n  was known, a combined d i s t r i b u t i o n  could  be c a l c u l a t e d .  
Yicroscope diameters  were converted t o  s i e v e  s i z e s  us ing  t h e  c o r r e l a t i o n  found 
previous ly  (11). 

THEORY 

Calcula t ion  of  Weight Versus Sieve S ize  D i s t r i b u t i o n s  f o r  Sub-sieve Coal F r a c t i o n  
from Microscopic Measurements - From microscopic  count  measurements, t h e  
cumulat ive per  c e n t  n m b e r  of p a r t i c l e s ,  N, below a given microscope s i z e  w a s  
determined a s  a smooth f u n c t i o n  of microscope s i z e ,  de. 
de3, t he  percentage  weight p below a given size de w a s  ob ta ined  g r a p h i c a l l y  

By p l o t t i n g  N a g a i n s t  



s i n c e  

-Uh- 

P\ = ( 2) 

0 f 2 d d  

This assumes, of  course,  t h a t  the  weight of a p a r t i c l e  i s  propor t iona l  t o  t h e  
cube of i t s  microscope diameter ,  bu t  t h i s  assumption appears  t o  be j u s t i f i e d  (12). 
The microscope s i z e  was then conve r t ed  t o  s i e v e  s ize  by d i v i d i n g  by 1.68 (11). 

Compilation of Accurate Sieve S i z e  Versus Percentage Weight Undersize Curves - 
When experimental  r e s u l t s  of weight  versus  s ize  f o r  varying revolu t ions  w e r e  
p l o t t e d ,  t h e  r e s u l t s  were n o t  ve ry  c o n s i s t e n t .  This w a s  due t o  t h e  inherent  
v a r i a b i l i t y  of the  gr inding  and s i e v i n g  o p e r a t i o n s  and i n a c c u r a c i e s  i n  s i e v e  
s i z e s .  The r e s u l t s  were made more c o n s i s t e n t  by C ~ S S  p l o t t i n g  t h e  percentage 
weight below a given s i z e  a g a i n s t  r e v o l u t i o n s  of gr inding ,  drawing t h e  b e s t  f i t  
cu rve  t o  t h e  p o i n t s ,  and tak ing  v a l u e s  from t h e  cu rve  f o r  a r e p l o t  of weight 
v e r s u s  s i z e .  
which could be e x t r a p o l a t e d  a c c u r a t e l y  t o  sub-sieve s i z e s .  

Sur face  Area Change on Grind ing  - The sur face  a r e a  o f  ground c o a l  was determined 
from t h e  pe rcen tage  weight v e r s u s  s i z e  d i s t r i b u t i o n ,  t h e  va lues  of shape f a c t o r  
k, and the d e n s i t y  of t h e  coa l .  If p is t h e  percentage by weight below s i z e  p, 
then  t h e  experimental  data on s i z e  d i s t r i b u t i o n  may be expressed g r a p h i c a l l y  i n  
the  form, p = F(v), 
area of c o a l  between k1 and p2 is g iven  by 

This  technique was found t o  g i v e  a very c o n s i s t e n t  family of curves,  

As shown (LO),  dS = dp k/pp. Therefore ,  t h e  hydrodynamic 

or 
r 

From t h e  experimental  va lues ,  l o g  p can be p l o t t e d  a g a i n s t  log  p; and p, p, and 
log p may t h e n  be obtained f o r  any va lue  of  k, 
t h i s  size, kp /@ m a y  be p l o t t e d  a g a i n s t  l o g  p and S determined from t h e  area m d e r  
t h e  curve.  

Since k and p are a l s o  hovn f o r  

A l t e r n a t i v e l y ,  i f  
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This is somewhat more convenient as it allows a direct integration between any 
required sieve sizes. 
taking the slope of the log p/log p distribution plot at that point. 
sizes of 200 microns, n was found to be constant. 

The values of n for any value of log p are determined by 
Below sieve 

Over the part of the distribution for which n is a constant 

p = " p  (7 )  

where n and B may be determined from the slopes and intercepts of the cum@. 

Now 

But from ( 7 ) ,  dp/db = wn-' 

When k and p are constant, 

(sq. meters when 1-1 is 
in microns) 

Kick's Law Calculations - Kick's Law may be expressed in the form (13) 

E- 

where E is the energy per unit weight required to 
size w , and C is a constant for a given material 
size w: is broken to a distribution of sizes, the 
weight dp of materfal of size p + d i ~  is given by 

reduce material of size b1 to 
and process. If material of 
energy required to produce a 

, 



I 
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Therefore ,  t h e  t o t a l  energy i s  g i v e n  by 

It can r e a d i l y  be shown that when the e n e r g i e s  requi red  f o r  var ious  s i z e  
reduct ions  from the same s t a r t i n g  m a t e r i a l  a r e  t o  be compared, t h e  p r e c i s e  v a l u e  
of  p is not  too important .  Therefore ,  i t  was assumed t h a t  t h e  1 6  x 30 mesh 
s tar t ing m a t e r i a l  had a m e a n  s i z e  
w e r e  obtained f o r  var ious  r e v o l u t i o k s  of g r i n d i n g  by p l o t t i n g  l o g  900/(~ a g a i n s t  p 
( u s i n g  t h e  a p p r o p r i a t e  s i z e  d i s t r i b u t i o n  of t h e  product)  and i n t e g r a t i n g  
g r a p h i c a l l y .  The a reas  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  when lower s i z e  limits 
of  1 or 0.1 micron were assumed. 

of 900 microns. Comparative va lues  of E 

RESULTS 

Table 1 give1s t h e  a n a l y s e s  of the  c o a l s  t e s t e d .  F igure  1 shows t h e  
s i z e  weight d i s t r i b u t i o n s  of c o a l  B-19447, a f t e r  c o r r e c t i n g  t h e  r e s u l t s  as 
descr ibed  previous ly .  The p o i n t s  i n  F igure  1 are very  c o n s i s t e n t  and t h e  
d i s t r i b u t i o n  curves  can be drawn w i t h  c o n s i d e r a b l e  p r e c i s i o n .  If t h e  s t r a i g h t  
l i n e  p o r t i o n s  of  t h e  curves  a r e  e x t r a p o l a t e d  and the va lues  of  n and B ( s e e  
Equat ion  7) determined, then t n e  r e s u l t s  are a g a i n  very  c o n s i s t e n t ,  as can b e  
seen  from Figure  2. 

Table 2 gives t h e  cumulat ive weight  v e r s u s  microscope s i z e  (and 
corresponding s i e v e  s i z e )  c a l c u l a t e d  us ing  Equat ion (2), expressed both  a s  a 
percentage  of t h e  minus 325 mesh sample t e s t e d  and a s  a c t u a l  weight of  t h e  
minus 325 sample. The weight  l o s s  on g r i n d i n g  (60 r e v o l u t i o n s )  and s i e v i n g  
w a s  0.66 g. p e r  100 g., and i t  w a s  assumed t h a t  t h i s  loss was i n  t h e  v e r y  f i n e  
m a t e r i a l .  It was added, t h e r e f o r e ,  t o  t h e  cumulat ive weight down t o  1.5 microns.  

F igure  3 shows a complete  s i e v e  s ize-weight  d i s t r i b u t i o n  f o r  the  c o a l  
t e s t e d ,  us ing  a f a c t o r  of 1.68 t o  c o n v e r t  microscope s i z e  t o  s i e v e  s i z e  (11). 
It can be  seen  t h a t  over  t h e  range 3 t u  300 microns, t h e  d i s t r i b u t i o n  i s  a 
s t r a i g h t  l i n e  on t h e  l o g - l o g  p l o t .  This  type of d i s t r i b u t i o n  has  been noted 
p r e v i o u s l y  (14,15,16) and extended below s i e v e  s i z e s  by a i r  e l u t r i a t i o n .  
and Ranrmler (17).-used a i r  e l u t r i a t i o n  t o  ex tend  r e s u l t s  t o  sub-s ieve  s i z e s  and 
concluded that t h e  d i s t r i b u t i o n  obeyed t h e  Rosin-Rannnler law. However, f o r  s m a l l  
s i e v e  s i z e s ,  t h e  Rosin-Rammler d i s t r i b u t i o n  becomes t h e  s imple power d i s t r i b u t i o n  
found i n  F igure  3 ,  (In f a c t ,  a s i z e  d i s t r i b u t i o n  of broken c o a l  (18) over a range  
of 0.004 to 5 i n c h e s  which f i t s  a R o s i n - M e r  p l o t ,  a l s o  f i t s  a l o g  p- log u p l o t  
Over most of t h e  same range) .  The d e p a r t u r e  o f  t h e  curve  from the s t r a i g h t  l i n e  
below t h r e e  microns is a lmost  c e r t a i n l y  due t o  t h e  assumption that a l l  of t h e  
weight  l o s s  on gr inding  i s  l e s s  t h a n  1 . 5  microns. The break i n  the  curve sugges ts  
t h a t  the  weighr l o s s  is i n  s i z e s  of'about t h r e e  microns ( s i e v e  s i z e )  and less. 

Rosin 

F igure  4 shows the s u r f a c e  a r e a s  of t h e  ground c o a l  f r a c t i o n s  f o r  c u a l  
B-19447 c a l c u l a t e d  us ing  Equat ions  ( 4 ) ,  (5), and (8). The s u r f a c e  areas were 
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c a l c u l a t e d  assuming t h a t  t h e  s t r a i g h t  l i n e  p a r t  of  t h e  l o g  p versus  l o g  p 
d i s t r i b u t i o n  (F igure  3) could be e x t r a p o l a t e d  t o  a lower l i m i t  of  1, 0.1, o r  0 - 0 1  
micron. I t  was a l s o  assumed t h a t  t h e  shape f a c t o r  ( a  c o n s t a n t  i n  t h e  range from 
40 to  600 microns (10)) w a s  c o n s t a n t  down t o  the lower s i z e  l i m i t .  It is c l e a r  
t h a t  t h e  lower s i z e  l i m i t  which i s  chosen cons iderably  a f f e c t s  t h e  a b s o l u t e  v a l u e  
of the s u r f a c e  a r e a .  The curve  is a s t r a i g l i t  l i n e  when a lower  s i z e  l i m i t  o f  
about 1 micron i s  used. For t h e  lower s i z e  l i m i c s  of  0.1 and 0.01 micron, t h e  
a r e a  i n c r e a s e s  more w i t h  r e v o l u t i o n s  of  g r i n d i n g  than  R i t t i n g e r ' s  Law would 
p r e d i c t .  Another f e a t u r e  of  i n t e r e s t  i s  ttiat the  e x t r a p o l a t i o n  of t h e  curves  t o  
zero  r e v o l u t i o n s  g i v e s  an i n i t i a l  s u r f a c e  a r e a  of unground m a t e r i a l  of  1 .2  m." /100  g. 
whereas the a c t u a l  unground s u r f a c e  a r e a  i s  0.8 m.2/100 g ,  
i n i t i a l  small amount of  gr inding  produces 0.4 m . 2  of s u r f a c e  a r e a  p e r  100 g. i n  
addi t ior .  to  t h e  0.117 m.2/100 g . / r e v o l u t i o n  produced f o r  t h e  remainder of  t h e  
gr i n d i n  g p roc e s s . 

It appears  t h a t  an 

F igure  5 shows t h e  s u r f a c e  a r e a  change w i t h  gr inding  f o r  coa.1 B-17790, 
&ere  b lcwer  l i m . i t  c f  1 micro2 has been used. 
1C.3 p., i t  s p p e a r s  t h a t  the  i n c r e a s e  i n  s u r f a c e  a r e a  i s  no l o n g e r  propor t iona l  t o  
the revnlu!:ons o f  gr inding .  E x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e  p o r t i o n  of t h e  
curve 50 zero r e v c l u t i o a s  a g a i n  i n d i c a t e s  a n  i n i t i a l  a r e a  o f  1.2 m.2/100 g. i n s t e a d  
of  the expected va lue  of 0.8 m.*/100 g. 

A f t e r  an i n c r e a s e  t o  about 1 6  m . 2 /  

Table 3 g i v e s  the  s u r f a c e  a r e a s  from 1 micron t o  1190 microns f o r  the  
four  c o a l s  ground accord ing  t o  the s tandard  Hardgrove t e s t  and a l s o  g ives  t h e  
i n c r e a s e  i n  s u r f a c e  a r e a s  on gr inding .  F c r  c o a l  B-19426 and t h e  S t .  Nicholas 
s n t h r a c i t e ,  the  r e s u l t s  a r e  based o n  measurements a t  60 r e v o l u t i o n s  only ;  t h e  
c r o s s  p l c t t i n g  technique w a s  no t  used as t h e  d a t a  were n o t  a v a i l a b l e .  

Figure 6 g i v e s  t h e  i n c r e a s e  i n  E (Equation 11) wi th  r e v o l u t i o n s  of 
gr inding  f o r  c o a l  8-19447. It can be seen  t h a t  E i s  not  p r o p o r t i o n a l  t o  
r e v o l u t i c n s  of  g r i n d i n g  over  wide ranges of gr inding .  Therefore ,  K i c k ' s  Law d o e s  
rep appear  to  hold  f o r  g r i n d i n g  i n  accordance wi th  t h e  s t a n d a r d  Hardgrove test. 

DISCUSSION OF RESIJLTS 

R i t t i n g e r ' s  Law cz.nnot i n  gen5ra l  be t r u e ,  which can be seen i f  a n  
ex t rexe  C ~ S E  i s  cons idered  a s  fol lows.  
which hqve such s t r e n g t h  t h z t  the  g r i n d i n g  f o r c e s  imparted by t h e  machi- do n o t  
exceed t h i s  s t r e n g t h .  
bur  the ma.teria1 does z o t  have an i n f i n i t e  s t r e n g t h ,  s i n c e  a h e a v i e r  machine would 
: :.>jute breakage. .I: n3 change of s t a t e  of the  m a t e r i a l  occurs ,  then  t h e  energy 
input  i s  d i s s i y s t e d  ir .a v a r i e t y  3f ways. -%ere w i l l  b e  t h e  l o s s  of energy a s  
f:icci.mal sl i.p over  t h e  s u r f a c e  o f  t h e  ground material. Also,  p a r t i c u l a r l y  f o r  
ti.1 I n i l  1 3 ,  f o r c e s  w i l l  b e  t r a n s m i t t e d  through t h e  m2.terial t o  d e l i v e r  blows on 
t.he .n:L1 s t r u c t u r e ;  and energy w i l l  be l o s t  a s  h e s t  of  impact and i q a c t  waves. 
13. k t h  cf  t h e s e  cases ,  t h e  energy f i n a l l y  appears  mainly a s  h e a t .  I n  a d d i t i o n ,  
when t h e  ground mterirl f r a c t u r e s ,  energy w i l l  be  used t o  break f o r c e  bonds 
a c r o s s  the  f r e s h  s u r f a c e  produced and to  form i n t e r n a l  c r a c k s  and f laws.  Energy 
w i l l  a l s o  be l i b e r a t e d  as h e a t  of f ra .c ture .  

' L e t  a g r i n d i n g  machine be gr inding  p a r t i c l e s  

Work w i l l  be  dcce wi thoui  t h e  product ion  of f r e s h  sur face ,  

The prccess  o f  f r a c t u r e  may be l o o s e l y  descr ibed  i n  t h e  fo l lowicg  
aanaer .  When a p a r t i c l e  of  c o a l  i s  crushed  i t  must  be r a i s e d  t o  a s t r a i n e d  s t a t e  
beeore i t  Erac tures .  (This,, i n  e f f e c t ,  i s  an a c t i v a t i o n  energy f o r  c rush ing) .  
Energy i s  i n p a r t e d  by t h e  g r i n d i n g  f o r c e s  which are a p p l i e d  o v e r  dis tz tnces  
ccrrespqnding t o  t h e  d e f o m u t i o n  of  t h e  p a r t i c l e .  The c o a l  then  breaks  a t  a f l a w  
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o r  s e r i e s  of  f laws  i n  the  m a t e r i a l ,  deformation is removed, and f r a c t u r e  waves 
propagate  through t h e  c o a l  producing f r e s h  s u r f a c e  ( 1 9 ) .  The excess  energy  of 
t h e  f r a c t u r e  waves and t h e  energy r e l e a s e d  on t h e  r e l a x a t i o n  of d e f o n r a t i o n  
appear  e v e n t u a l l y  as h e a t  of f r a c t u r e .  

From the above d i s c u s s i o n  i t  wmrld appear  u n l i k e l y  t h a t  t h e r e  would 
be a s imple  r e l a t i o n  between t h e  f r e s h  s u r f a c e  produced and t h e  t o t a l  energy  i n p u t  
to t h e  gr inding  process ;  t h e r e  a r e  so many d i f f e r e n t  ways i n  which the  energy can 
be d i s t r i b u t e d .  It seems p l a u s i b l e ,  however, t o  assme t h a t  under c e r t a i n  
c o n d i t i o n s  t h e  energy l o s t  as f r i c t i o n a l  s l i p  and impact i s  a f i x e d  f r a c t i o n  of :he 
t o t a l  inpa t .  Fresh internal area d o e s  n o t  seem t o  be produced; except ,  perhaps, i n  
d i r e c t  p ropor t ion  to the  e x t e r n a l  area ( 2 0 ) .  A f r a c t u r e  wave w i l l  propagate  u n t i l  
i t  reaches  a f r e e  s u r f a c e  and i t  w i l l  no t  end w i t h i n  t h e  m a t e r i a l .  (Gross  and 
Z i m m e r l y  (21 )  found t h a t  f o r  q u a r t z ,  i n t e r n a l  area v1-s broken o u t  on g r i n d i n g  and 
impact c rush ing ,  r z t h e r  t h a n  i n c r e a s e d ) .  Thus, i f  the  energy used to  produce 
f r e s h  s u r f a c e  i s  a f ixed  p r o p o r t i o n  o f  t h e  s t r a i n  energy,  which i n  t u r n  i s  a f i x e d  
f r a c t i o n  o f  t h e  total  energy i n p u t ,  R i t t i n g e r ' s  Law would hold. 
t h e  s u r f a c e  t o  s t r a h  energy r e l a t i o n  f u r t h e r ,  a d i s t i n c t i o n  can be made bemeen 
t h e  "s t rength"  of a am1 and i t s  "hardness". 
d e f i n e d  a s  t h e  s t r a i n  energy r e q u i r e d  before  a p a r t i c l e  f r a c t u r e s  (which i s  a 
f u n c t i o n  of t h e  type of  f o r c e s  impar t ing  t h i s  energy t o  t h e  p a r t i c l e ) .  
hardness  i s  a r b i t r a r i l y  d e f i n e d  as t h e  s t r e n g t h  of s u r f a c e  bonds i n  t h e  material. 
C l e a r l y  two p a r t i c l e s  may have t h e  same composi t ion and hence t h e  same hardness  
b u t  may have wide ly  d i f f e r e n t  s t r e n g t h s ,  i f  one i s  h i g h l y  flawed and t h e  o t h e r  no t .  

Consider  two such p a r t i c l e s  of  similar "hardness" but  d i f f e r e n t  

To i n v e s t i g a t e  

The s t r e n g t h  i s  h e r e  a r b i t r a r i l y  

The 

s t r e n g t h s .  The s t r o n g e r  one w i l l  r e q u i r e  t h e  a d d i t i o n  of more energy t o  f r a c t u r e  
it, b u t  it seems p o s s i b l e  t h a t  on f r a c t u r e  i t  w i l l  b reak  i n t o  many smaller p ieces .  
On t h e  o t h e r  hand, t h e  weaker p a r t i c l e  w i l l  break more r e a d i l y  wi th  a lower energy 
c o n t e n t  b u t  w i l l  b reak  in to  f e w e r  p i e c e s  w i t h  cor respondingly  lower f r e s h  s u r f a c e .  
S imi la r ly ,  a l a r g e  impulsive f o r c e  of low energy a p p l i c a t i o n  might  cause  breakage 
with small a r e a  product ion;  whereas  a s m a l l e r  f o r c e  a p p l i e d  f o r  a much l o n g e r  t i m e  
and deformation would produce a l a r g e r  s u r f a c e  area on eventua l  s h a t t e r .  Thus it 
is ;ossiEle  t h a t  p a r t i c l e s  o f  e n t i r e l y  d i f f e r e n t  s t r e n g t h s ,  and hecce p r o b a b i l i t i e s  
of breakage, have brf-akage f u n c t i o n s  which a u t o m a t i c a l l y  compensate, so t h a t  t h e  
f r a c t i o n  of t h e  strain energy  which i s  used to  produce f r e s h  s u r f a c e  i s  c o n s t a n t .  
Bickle (22) staces t h a t  t h i s  has been cons idered  t h e o r e t i c a l l y ,  b u t  g i v e s  no 
r s f e r e n c e  t o  such s t u d i e s .  Such a concept  would go p a r t  way toward e x p l a i n i n g  the  
v a l . i d i t y  o f  R i t t i n g e r ' s  Law w i t h  p r o g r e s s i v e  gr inding,  a l though t h e  s t r e n g t h  of  
c r v l  ? a r t i c l e s  is ham t o  v a r y  w i t h  s i z e  (23 ,24 )  and degree of  gr inding.  
concept  i m p l i e s  that g r i n d a b i l i t y  i n d i c e s  based on sur face-area  i n c r e a s e  measure 
a parameter  p r o p o r t i o n a l  to h a r d n e s s  r a t h e r  than a combined e f f e c t  of hardness  
and s t r e n g t h .  I t  is i n t e r e s t i n g  to  see t h a t  t h e r e  is a pronounced c o r r e l a t i o n  
between g r i n d a b i l i t y  i n d i c e s  and t h e  Vickers Microhardness t e s t  (25). 

This  

A s  p a r t i c l e s  become smaller and s t r o n g e r  ( i n  comparison tu t h e i r  s i z e )  
on g r i n d i n g  due t o  t h e  breaking  o u t  of f l a w s ,  they may e v e n t u a l l y  reach a s t a g e  
where the c r u s h i n g  f o r c e s  of t h e  machine are i n s u f f i c i e n t  to  c a u s e  much breakage. 
Grinding exper ience  i n d i c a t e s  t h a t  i t  i s  extremely d i f f i c u l t  t o  reduce a n t h r a c i t e  
b e l o w  0.1 t o  1 micron i n  s i z e  i n  convent iona l  g r i n d i n g  appara tus .  
p o s t u l a t e d  t h a t  somewhere near t h i s  s i z e  range the major flaw s t r u c t u r e  of  t h e  
c o a l  has been completely broken o u t  and t h a t  g r i n d i n g  is more d i f f i c u l t  by an 
o r d e r  of magnitude o r  more. V a n  Krevelen ( 2 6 )  s t a t e s  t h a t  Boddy found c o a l  
p a r t i c l e s  to  be i n i t i a l l y  c rushed  to 1 micron i n  s i z e .  A s  t h e  s u r f a c e  a r e a  of 
t h i s  material i s  o f  t h e  same o r d e r  as t h e  macmpore a r e a  of  unground c o a l ,  V a n  
Krevelen s u g g e s t s  t h a t  breakage to  1 micron i s  favored  by the  macropore system. 
For  smaller p a r t i c l e s ,  the c o a l  t e n d s  t o  p l a s t i c a l l y  deform r a t h e r  than fracture; 

It may b e  
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t h i s  impl ies  much g r e a t e r  s t r e n g t h  and a low g r i n d a b i l i t y .  
hypothes is  i s  t h a t  agglomerates  of  f i n e  p a r t i c l e s  tend t o  t r a p  air and on g r i n d i n g  
behave somewhat l i k e  m i n i a t u r e  ba l loons .  The c rushing  f o r c e  i s  a p p l i e d  t o  t h e  
"balloon" and t h e  energy i s  expended i n  compressing t h e  conta ined  gas .  
g r inding  i n  l i q u i d  media, t h e  f l u i d  i s  incompress ib le  and t h e  f o r c e s  a r e  
imparted to  t h e  c o a l  p a r t i c l e s ;  i t  i s  w e l l  known t h a t  l i q u i d  g r i n d i n g  can be used 
t o  produce very  f i n e  s i z e s .  

An a l t e r n a t i v e  

For 

I n  s p i t e  of t h e  t h e o r e t i c a l  o b j e c t i o n s  t o  R i t t i n g e r ' s  Law, t h e r e  i s  
cons iderable  evidence t h a t  under a r e s t r i c t e d  range o f  c o n d i t i o n s  t h e  Law is 
c l o s e l y  obeyed. The c o r r e l a t i o n  of  t h e  i n c r e a s e  i n  s u r f a c e  area with g r i n d i n g  
obta ined  i n  t h i s  work is not conclus ive ,  s i n c e  the.  lower  s i z e  l i m i t  chosen f o r  
t h e  i n t e g r a t i o n  t o  o b t a i n  s u r f a c e  a r e a  i s  r a t h e r  a r b i t r a r y .  
of the  f i n e  f r a c t i o n s  of ground coa l  i n d i c a t e d  t h a t  material below 1 micron in 
s i z e  was n o t  p r e s e n t  i n  l a r g e  q u a n t i t i e s ,  a l though t h e r e  s t i l l  remains t h e  
ques t ion  of t h e  f i n e n e s s  of  t h e  m a t e r i a l  making up t h e  weight  l o s s  on gr inding  
and s iev ing .  
conclude t h a t  c o a l s  ground i n  t h e  normal manner had few p a r t i c l e s  of less than 
about  1 micron i n  s i z e .  
t h a t  m a t e r i a l  l e s s  than 1 micron i s  a b s e n t  b u t  r a t h e r  that 1 micron r e p r e s e n t s  
an e f f e c t i v e  lower l i m i t  f o r  t h e  s t r a i g h t  l i n e  l o g  p / l o g  p d i s t r i b u t i o n  
e x t r a p o l a t e d  from t h e  s i e v i n g  r e s u l t s .  The s t r i c t  l i n e a r i t y ,  over  a f a i r l y  wide 
range of  gr inding ,  of t h e  r e s u l t s  p l o t t e d  i n  F igure  4 f o r  t h e  1 micron lower l i m i t  
would h a r d l y  occur  by co inc idence ;  and i t  must be concluded t h a t  t h e  evidence f o r  
t h e  accuracy o f  R i t t i n g e r ' s  Law i s  q u i t e  s t rong .  

Microscopic s t u d i e s  

From e l e c t r o n  micrographs of ground c o a l ,  Pres ton  and Cuckow (27) 

By tak ing  a lower l i m i t  of 1 micron, i t  i s  not  assumed 

Figure  7 shows t h e  Hardgrove G r i n d a b i l i t y  I n d i c e s  o f  a number of  
G r i t i s h  c o a l s  (15) and t h e  f o u r  c o a l s  t e s t e d  i n  this work, as a func t ion  of a 
rank index (10). It i s  c l e a r  t h a t  t h e  g r i n d a b i l i t y  c h a r a c t e r i s t i c s  of a coal 

. axe c l o s e l y  a l l i e d  t o  i t s  rank. Although t h e  B r i t i s h  c o a l s  (because they are of 
one geologica l  e r a )  might  be expected t o  form a f a i r l y  c o n s i s t e n t  p a t t e r n ,  the 
c<:a.ls used i n  o u r  experiments  f i t  t h e  mean l i n e  wi th  a s  good a n  accuracy a s  t h e  
B r i t i s h  c o a l s .  Devia t ions  from t h e  mean l i n e  a r e  q u i t e  c o n s i d e r a b l e  i n  some 
iTs tances .  more tha.n would be exoected by experimental  e r r o r  o f  de te rmina t ion  of - .  

O K  Hnrdgrove I n d e x .  This may be due t o  s e v e r a l  causes :  

L r e  minera l  m z t t e r  of  a c o a l  might cons iderably  i n f l u e n c e  its g r i n d a b i l i t y .  

G z i n d a b i l i t y ,  as rneasured by t h e  Hardgrove Index, might  no t  be an a c c u r a t e  
r e p r e s e n t a t i o n  of t h e  g r i n d i n g  s t r e n g t h  o f  t h e  c o a l .  

Di f fe rences  i n  t h e  amounts of macera ls  p r e s e n t  i n  t h e  c o a l  might cause  
c o n s i d e r a b l e  change i n  s t r e n g t h .  

The g r i n d a b i l i t y  might be inf luenced  by f a c t o r s  which do n o t  depend c l o s e l y  
on rank, f o r  example f law s t r u c t u r e .  

-I 

A t  t h e  moment, i t  i s  only p o s s i b l e  to d i s c u s s  cause  (b) w i t h  knowledge 
obta ined  from o u r  own r e s u l t s .  F igure  8 shows t h e  p e r  c e n t  by weight less than 
200 mesh p l o t t e d  a g a i n s t  s u r f a c e  area f o r  vary ing  r e v o l u t i o n s  f o r  c o a l s  E-19447 
and 5-17790. C l e a r l y  t h e  i n c r e a s e  i n  s u r f a c e  area i s  n o t  r e l a t e d  t o  pzo0 Ln t h e  
form of Equat ion (1). The s u r f a c e  area is n o t  l i n e a r l y  p r o p o r t i o n a l  to p f o r  
c o a l  B-17790, a l though a s t r a i g h t  l i n e  could  b e  dravn w i t h  a f a i r  degree caf 
accuracy.  

F igure  9 shows p200 p l o t t e d  a g a i n s t  i n c r e a s e  i n  s u r f a c e  area f o r  t h e  
f o u r  c o a l s  ground f o r  6 0  s t a n d a r d  r e v o l u t i o n s ,  and i t  also shows t h e  Hardgrove 
Index as a f u n c t i o n  o f  s u r f a c e  area i n c r e a s e .  It can be seen  t h a t  t h e  Hardgrove 
Index is  n o t  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  s u r f a c e  area. (Surface  seas used are 
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those  c a l c u l a t e d  on t h e  assumptions that t h e  shape f a c t o r  is c o n s t a n t  over the 
range  1 t o  1190 microns and t h a t  1 micron i s  a n  e f f e c t i v e  lower limit; i t  has only 
been shown t h a t  t h e  shape f a c t o r  i s  c o n s t a n t  o v e r  t h e  range of 40 to 600 microns 
(10) ) .  

From Figure  9 i t  can be seen that the i n c r e a s e  i n  s u r f a c e  area is 
p r o p o r t i o n a l  t o  p200 only  t o  a degree of accuracy  of about  ?: 10%. This is o f  t h e  
same o r d e r  as t h e  d e v i a t i o n s  of  Hardgrove Index va lues  from t h e  b e s t  f i t  curve  i n  
F i g u r e  7, and i t  is  p o s s i b l e  t h a t  p a r t  o f  the  d e v i a t i o n s  are caused by the  Hard- 
Grove Index (which depends on ~ 2 ~ ~ )  n o t  being an a c c u r a t e  r e p r e s e n t a t i o n  of  the  
i n c r e a s e  i n  s u r f a c e  a rea .  This i s  p a r t i c u l a r l y  l i k e l y  to be t r u e  where a c o a l  
f r a c t u r e s  t o  g i v e  products  w i t h  an abnormal shape f a c t o r ,  f o r  i n  t h i s  case two 
c o a l s  might have very s i m i l a r  s i z e  d i s t r i b u t i o n s  on g r i n d i n g  but  would have 
cons iderably  d i f f e r e n t  s u r f a c e  areas. 

C a l l c o t t  (28) a rgues  t h a t  t h e  i n c r e a s e  i n  s u r f a c e  on g r i n d i n g  is of  
l i t t l e  s i g n i f i c a n c e  i n  p r a c t i c a l  g r i n d i n g  s t u d i e s .  H e  ana lyzes  the  problem of 
g r i n d i n g  i n  t h e  fol lowing manner: Given d i f f e r e n t  s i z e d  f e e d s  i n t o  a g r i n d i n g  
machine, what w i l l  be t h e  s i z e  d i s t r i b u t i o n s  of  t h e  products?  Or i f  d i f f e r e n t  
machines o p e r a t e  wi th  d i f f e r e n t  s i z e  feeds ,  how much of the  d i f f e r e n c e  i n  
products  i s  due t o  the  d i f f e r e n t  feed  s i z e s  and how much is  due t o  d i f f e r e n c e s  
caused by t h e  machines? 
preference  t o  t h e  Hardgrove Index ( t h i s  was  a l s o  suggested by F r i s c h  and Holder 
(29) ) .  
j u s t i f i e d  the  use of  any index except  a s imple index o f  breakage def ined  by p. 
The s i g n i f i c a n c e  of  t h e  g r i n d a b i l i t y  index p may be s t a t e d  i n  these  terms: I f  
a c e r t a i n  c o a l  produces 10 p e r  c e n t  of m a t e r i a l  below 200 mesh i n  t h e  s tandard  
Hardgrove t e s t  and another  c o a l  produces 2 0  p e r  cent ,  then i t  i s  Like ly  that on 
g r i n d i n g  in a n  i n d u s t r i a l  m i l l ,  t h e  f i r s t  c o a l  w i l l  have approximately half t h e  
throughput  of minus 200 mesh m a t e r i a l  ob ta ined  with t h e  second. 

C a l l c o t t  sugges ts  us ing  p a s  an Index of g r i n d a b i l i t y  i n  

He does n o t  b e l i e v e  t h a t  t h e  work on s u r f a c e  a r e a  i n c r e a s e  dur ing  g r i n d i n g  

Thus,, it would appear  t h a t  pzo0 is  a b e t t e r  index of g r i n d a b i l i t y  than 
t h e  Hardgrove Index, bo th  f o r  t h e  reasons  given by C a l l c o t t  and because i t  i s  
a b e t t e r  index of s u r f a c e  area i n c r e a s e .  
of  pZoe, i f  i t  i s  borne i n  mind t h a t  a Hardgrove Index of 13 r e p r e s e n t s  z e r o  
produc i o n  o f  f r e s h  sur face .  For s c i e n t i f i c  work i t  i s  recommended that t h e  
index  used should b e  t h e  i n c r e a s e  i n  s u r f a c e  area p e r  r e v o l u t i o n  of  g r i n d i n g  
(over  t h e  range i n  which l i n e a r i t y  i s  o b t a i n e d ) .  

The Hardgrove Index may be used i n s t e a d  

CONCLUSIONS 

The l o g  p versus  l o g  IJ s t r a i g h t  line p o r t i o n s  of t h e  d i s t r i b u t i o n s  
found f o r  c o a l s  ground accord ing  t o  t h e  Hardgrove test  can be  e x t r a p o l a t e d  t o  a t  
l e a s t  3 microns s i e v e  s i z e .  The weight  loss on g r i n d i n g  appears  to b e  mainly 
m a t e r i a l  of l e s s  than 3 microns s i e v e  s i z e .  

For  t h e  two c o a l s  t e s t e d  a t  v a r y i n g  r e v o l u t i o n s  of  gr inding ,  a 
n e g l i g i b l e  amount of  g r i n d i n g  produced about  0.4 ~1.~/100 g. of  f r e s h  geometr ic  
s u r f a c e ;  bu t  a f t e r  t h i s  i n i t i a l  abnormal i n c r e a s e ,  t h e  i n c r e a s e  i n  s u r f a c e  a r e a  
w a s  p r o p o r t i o n a l  t o  the r e v o l u t i o n s  of  g r i n d i n g  up t o  the  c o n d i t i o n  of a t  l e a s t  
20% of t h e  m a t e r i a l  through a 200 mesh s i e v e .  This was true when a lower 1Mt 
of s i z e  of about  1 micron w a s  used to c a l c u l a t e  the  s u r f a c e  a rea .  Kick's Law 
d i d  not  apply.  
approximately p r o p o r t i o n a l  t o  the i n c r e a s e  i n  s u r f a c e  area on gr inding .  More 
p r e c i s e  va lues  of s u r f a c e  area i n c r e a s e  per r e v o l u t i o n  o f  g r i n d i n g  w i l l  be  
obta ined  i n  f u t u r e  work, and t h e s e  v a l u e s  compared t o  the  rank  of the  c o a l s  used. 

The percentage  of m a t e r i a l  p a s s i n g  a 200 mesh s i e v e  is v e r y  
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Inc rease  i n  
Sur face  Area 
m.2/100 g.  

I 

&&-Index 
of  coal 

% C - 8.5 X H 

1 . Coal 

E-19447 

B-17790 

5-19426 

S t .  Nicholas 
a n t h r a c i t e  

1 Const i tuent  

52 

93 

99 

30 

Moisture 

Ash 

Carbon 

Hydrogen 

Nitrogen 

Su l fu r  

Oxygen (by 
d i f f e rence )  

(D.A. F.)  
V o l a t i l e  Mat te r  

Shape Fac to r  (k) 
Hardgrove 

G r i n d a b i l i t y  Index 

TABLE 1 

ANALYSES OF COAL USED 

B-19447 

As used,% 

1.5 

16.5 

65.3(83.5)* 

4.7(5.9)* 

1.1 

4.5 

6.2 

42.4 

9.6 

52 

B-17790 

A s  used,% 

0.8 

7.8 

78.8 (87.6)r 
4.8 (5 . l )*  

1 . 5  

1 .6  

4.7 

29.2 . 
8 .0  

93 

B-19426 

A s  used,% 

0.5 

14 .5  

75.2(90.6)* 

3.9 ( 4 . 5 )  * 
1 .5  

1 . 8  

2 . 6  

17.9 

7.2 

99 

St. Nicholas 
Anthrac i te  

As used,% 

1.6 

9.3 

84.2(95.5)* 

2.4(2.2)* 

0.85 

0.5 

1.1 

4.5 

9.3 

30 

* Parr's b a s i s  

TABLE 3 

HYDRODYNAMIC SURFACE AREAS OF COALS GROUND ACCORDING 
TU THE STANDARD HARDGROVE TEST 

Hardgrove Surface  A r e a  
G r i n d a b i l i t y  ground coa l  1 Index 1 m.2/100 g. 

1 Coal 

I I I I I I 



Microscope 
diaroeter, 
microns 

0 

0.7 

0.9 

1.3 

1.8 

2.6. 

3.5 

4.4 
5.8 

7.3 

8.8 
20.2 

13.1 
21.0 
26.2 

35.0 
43.6 
52.5 
61.0 
70.0 
78.6 

-m- 

TABLE 2 

SIZE DISTRIBUTION BELOW 325 MESH OF COAL B-19447 GROUND 
ACCORDING TO STANDARD HARDGROVE TEST 

Equ iva len t  
s i e v e  s i z e ,  

microns 

0 

0.4 

0.5 

0.8 

1.0 

1.6 
2.1 

2.6 

3.5 

4.3 
5.2 

6.1 
7.8 

12.5 
15.6 
20.8 
26.0 

31.0 
36.4 
41.6 
47.0 

Cumulative % 
by  weigtd of  
-325 f r a c t i o n  

tested 

0 

0.0046 

0.014 

0.049 

0.15 

0.56 

1.24 

2.18 

. 3.67 
6.00 

8.51 

9.90 

14.7 
29.2 
36.1 

44.9 
56.0 
70.6 
83.8 
93.7 

100.0 

C d a t i v e  j Plus 0.66% 
weight expressed w e i g h t  l o s s  o f  
as a % of t o t a l  

coal ground 

0 

0.00035 

0.00104 

0.00356 

0.0108 

0.0408 
0.090 

0.16 

0.27 

0.44 
0.62 

0.72 

1.07 

2.12 
2.62 
3.26 

4.07 
5.14 
6.10 
6.82 

7.28 

f i n e  m a t e r i a l  
on gr inding  

(0.701) 

(0.750) 

(0.819) 

0.927 

1.10 

1.28 

1.38 

1.73 

2.78 
3.28 

3.92 
4.73 

5.80 
6.76 
7.48 

7.94 
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VALUES OF "n" AND "0" IN P = 88" CORREIED PERCENTAGE WEIGHT UNDERSIZE VERSUS 
SIEVE SIZE DlSlRl0UilONS FOR COAL 8.19447 

K ) P  COAL 8.19447 GROUND FOP VARYING REVOLUTIONS 

Rgura 2 

Figure I 

*a- 
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NCPEASE OF HYDRODYNAMIC SURFACE AREA OF GROUND COAL 

EXTENDED PERCENl WEIGH1 UNDERSIZE VERSUS SIEVE SIZE 

DlSlRlBUTlON FOR COAL 8.I9ld7 GROUND FOR M) REVOLUIIONS 

W l l H  REVOlUTlONS OF GRINDING foil COAL 8-IPd17. 

ASSUMING I, 0.1 AND 001 MICRONS A S  WE SMALLEST SIZE P R E S E N l  



-I&- 

", 

4 0  

3 0 -  

2 0 -  

I O -  

0 ;  

0 

0 5 10 I 5  20 25 10 35 A0 4 5  50 60 7 0  80 90 

/ 
/ 

I 

Revolutions of G r i n d i n g  

INCREASE OF HYDRODYNAMIC SURFACE AREA OF GROUND COAL 

WITH REVOLUTIONS OF GRINDING FOR COAL 8.17790, 

ASSUMING 1 MICRON AS LOWER LIMIT 

Figure 5 

RELATION OF ENERGY FOR GRINDING PREDICTED BY KICK'S LAW 
TO REVOLUTIONS OF GRINDING (COAL 8-19447) 
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Figure 6 
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